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The effect of chronic hypoxia on neonatal myocardial metabolism remains 
undefined. With a new neonatal piglet model, we determined changes in 
myocardial metabolism during global ischemia fter chronic hypoxia. Five- 
day-old piglets (N = 30) were andomly assigned to two groups and exposed to 
an atmosphere of8% oxygen or to room air for 28 days before they were killed. 
Left ventricular myocardium was then analyzed at control and at 15-minute 
intervals during 60 minutes of global normothermic ischemia to determine 
high-energy phosphate l vels, glycogen stores, andlactate accumulation. Time 
to peak ischemic myocardial contracture was measured with intramyocardial 
needle-tipped Millar catheters as a marker of the onset of irreversible ischemic 
injury. Results showed an initially greater level of myocardial adenosine 
triphosphate in the hypoxic group (27 - 1.2 vs 19 +- 1.8 pmol/gm dry wt, p = 
0.001) and a delay in adenosine triphosphate depletion during 60 minutes of 
global ischemia compared with the control group. Initial energy charge ratios 
(1/2 adenosine diphosphate + adenosine triphosphate/adenosine monophos- 
phate + adenosine diphosphate + adenosine triphosphate) were also greater 
in the hypoxic group (0.96 _ 0.01 vs 0.81 _ 0.04, p = 0.01) and remained so 
throughout global ischemia. Initial glycogen stores were greater in the hypoxic 
group (273 - 13.3 vs 215 - 14.7 pmol/gm dry weight, p = 0.02) when 
compared with the control group. Lactate levels in the hypoxic group were 
initially higher (19.1 - 6.4 vs 8.9 -+ 3.1 pmol/gm dry weight, p = 0.001) 
compared with control evels and remained elevated throughout 60 minutes of 
ischemia. Time to peak ischemic ontracture was prolonged in the hypoxic 
group (69.5 + 1.8 vs 48.9 _ 1.4 minutes, p = 0.001) compared with the controls 
group. These data show that chronic hypoxia results in significant myocardial 
metabolic adaptive changes, which in turn result in an improved tolerance to 
severe normothermic schemia. These beneficial effects are associated with 
elevated baseline glycogen storage levels and an accelerated rate of anaerobic 
glycolysis during ischemia. (J Thorac Cardiovasc Surg 1996;112:8-13) 
C yanotic ongenital heart defects result in chronic hypoxia in the neonate until operative correction 
is achieved. The effects of chronic hypoxia on neo- 
natal myocardial metabolism have not been well 
defined. Previous studies involving cyanotic animal 
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models and clinical studies in infants with cyanotic 
lesions were complicated by changes in cardiac 
anatomy and physiology that induced other changes 
in myocardial function and metabolism concurrently 
with cyanosis. Most previous experimental investi- 
gations used adult animal models and were charac- 
terized by short durations or variable levels of 
hypoxia. 1-9 This study was intended to investigate 
the primary metabolic effects of chronic hypoxia on 
otherwise normally developed neonatal myocar- 
dium. To accomplish this, a new animal model of 
induced chronic hypoxia in the newborn piglet with- 
out surgical alterations was developed. This method 
accurately controls the degree of hypoxia to which 
each animal is exposed. Use of this model allows 
investigation of hypoxia as a controlled variable, 
without the confounding effects of abnormal anat- 
omy and physiology. 
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Material and methods 
Thirty neonatal (5-day-old) piglets were randomly as- 
signed to two groups. The first group, raised in a room-air 
environment, served as the control group. The second 
group, raised in a specially designed stainless-steel cham- 
ber and maintained in an atmosphere of 8% oxygen and 
balanced nitrogen, served as the experimental hypoxic 
group (Fig. 1). Air flow through the chambers of 15 L/min 
kept the carbon dioxide content of both atmospheres at
less than 1% at all times. Oxygen (Beckman E.C. Oxygen 
Analyzer; Beckman Instruments, Inc., Fullerton, Calif.) 
and carbon dioxide levels were continuously monitored, as 
were temperature and humidity. All animals were raised 
for 28 days with identical feeding schedules. The hypoxic 
animals were exposed to room air conditions for a mean 
of 25.5 +_ 2.5 minutes during each 24-hour period, to allow 
cleaning and maintenance of the chambers. Weekly mea- 
surements of weights and capillary tube venous hema- 
tocrits were recorded for each animal. Arterial saturations 
were measured with pulse oximetry (Nellcor Pulse Oxime- 
ter; Nellcor, Inc., Hayward, Calif.). The oximeter probe 
was fitted to the proximal tail of each animal, and arterial 
saturations were recorded in a standard manner. 
The piglet is an ideal animal for this model because of 
its developmental maturity and its ability to eat from a 
bowl several days after birth. All animals received humane 
care in compliance with the "Principles of Laboratory 
Animal Care" formulated by the National Society for 
Medical Research and the "Guide for the Care and Use of 
Laboratory Animals" prepared by the Institute of Labo- 
ratory Animal Resources and published by the National 
Institutes of Health (NIH Publication No. 86-23, revised 
1985). Survival did not differ significantly between the 
groups. Three control animals and three hypoxic animals 
did not survive to completion of the study. All six of these 
animals died within the first 2 weeks of the study. Post 
mortem examinations revealed pneumonitis in three, 
small-bowel intussuception i  one, and patent ductus 
arteriosus in another. One animal had a seizure disorder 
of uncertain etiology and died 1 week after birth. 
After 4 weeks, the animals were sedated with intramus- 
cular ketamine (20 mg/kg), anesthetized with intravenous 
pentobarbital (20 mg/kg), and then intubated and venti- 
lated mechanically (Harvard Respirator, model 607; Har- 
vard Apparatus, Inc., South Natick, Mass.). The inspired 
oxygen used for ventilation was the same in each case as 
the gas mixture in which that animal was raised. A median 
sternotomy was performed, and pressure measurements 
were obtained from all chambers of the heart. Pressure 
measurements were also obtained from the main pulmo- 
nary artery and the ascending aorta. These hemodynamic 
measurements were recorded with an on-line strip-chart 
recorder and Millar pressure catheters. 
A transmural drill biopsy sample was obtained from the 
left ventricular f ee wall and rapidly frozen for subsequent 
determinations of lactate, glycogen, and high-energy phos- 
phate levels. The hearts were then rapidly excised and left 
ventricular free walls were dissected from the specimens. 
The left ventricular free walls were divided into halves, 
wrapped in plastic bags, and placed in a 38 ° C water bath for 
60 minutes of normothermic ischemia. Half of the samples 
were instrumented with Mikro-Tip 5F Millar needle pres- 
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Fig. 1. Chamber used to induce atmospheric hypoxia. 
Flow of premixed air at 15 L/m maintains constant 
atmosphere with minimal carbon dioxide accumulation. 
sure transducers (Millar Instruments, Inc., Houston, Texas) 
and maintained in the water bath after instrumentation. 
On-line measurements of developing intramyocardial pres- 
sure were recorded uring normothermic global ischemia. 
Time to peak ischemic ontracture was defined as the point 
at which the highest myocardial pressure was recorded. The 
remaining sections of myocardium underwent transmural 
biopsy sampling at 15-minute intervals. The biopsy samples 
were obtained from the more central portion of each piece 
of tissue, to reduce the effect of exposure to room-air 
conditions of the more superficial tissue. These biopsy 
samples were rapidly frozen and stored for later determina- 
tions of high-energy phosphate and lactate levels with using 
high-performance liquid chromatography. 1° All collected 
biopsy samples were stored in a freeze-dry system (Lyph- 
Lock; Labconco, Kansas City, Mo.) for 48 hours. Regional 
tissue samples were weighed on a minibalance (model 9500; 
Cohn Instruments, Cerritus, Calif.). 
Statistical analysis. Measurements of regional deple- 
tion of myocardial high-energy phosphates (mean + stan- 
dard error of the mean [SEM]) and lactate accumulation 
(mean + SEM) during normothermic ischemia were 
compared between control and hypoxic groups by means 
of analysis of variance with repeated measures across 
time. Regional myocardial time to peak ischemic ontrac- 
ture, initial high-energy phosphate l vels, initial glycogen 
stores, and hemodynamic measurements (mean _+ SEM) 
were compared with a nonpaired Student's t test. An c~ 
level of 0.05 was used to determine statistical significance 
in all analyses. 
Results 
Monitored physiologic data. Arterial oxygen sat- 
urations were measured with pulse oximetry in all 
animals. The mean arterial saturations in the hypoxic 
group (70.3% _+ 1.1% vs 98.1% + 0.24%,p = 0.0001) 
were significantly reduced compared with those in the 
control group. Arterial blood gas analyses confirmed 
these measurements at the completion of the study, 
with the hypoxic group having a reduced mean partial 
pressure of arterial oxygen (45.6 __ 1.3 vs 97.3 _+ 1.9 
mm Hg). Venous hematocrits were measured weekly 
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Fig. 2. Myocardial ATP levels measured at 15-minute 
intervals during normothermic global ischemia, hypoxic 
group (inspired oxygen fraction 8%, black bars) vs control 
group (white bars). Data are mean -- SEM. wt, Weight. 
for all animals, and mean values in the hypoxic group 
rose steadily during the 4-week period. Final mean 
hematocrit values were significantly higher in the 
hypoxic group (59.1% _+ 0.80% vs 36.2% _+ 0.94%, 
p = 0.0001) than in the control group. Total body 
weights, recorded weekly for all animals, revealed a
reduced growth rate in all hypoxic animals (4250 _+ 
207.6 vs 5525 _+ 219.4 gm, p = 0.026) compared with 
that in all control animals. Hemodynamic measure- 
ments were recorded for each animal before cardiac 
extirpation. Pulmonary artery and right ventricular 
pressures were elevated significantly in the hypoxic 
group, and mean pulmonary artery diastolic pressures 
(38.3 _+ 0.87 vs 12.0 _+ 0.24 mm Hg, p = 0.0001) were 
also significantly greater than those in the control 
group. Significant right ventricular hypertrophy in the 
hypoxic group was demonstrated bygreater ight ven- 
tricular free wall weights (15.8 _+ 0.9 vs 8.6 _+ 0.6 gm, 
p = 0.002) than in the control group. Mean left 
ventricular f ee wall weights in the hypoxic group were 
found to be no different han in the control group. 
There was also no significant difference between 
groups in mean left ventricular pressure. 
High-energy phosphate stores. Transmural bi- 
opsy samples of left ventricular myocardium were 
obtained from all piglets and analyzed with a high- 
performance liquid chromatography technique, m
Adenosine triphosphate (ATP) levels were initially 
elevated in the hypoxic group (27 _+ 1.2 vs 19 _+ 1.8 
txmol/gm dry weight, p = 0.001) compared with the 
control group (Fig. 2). Initial energy charge ratios 
were from ATP, adenosine diphosphate (ADP), and 
adenosine monophosphate (AMP) as follows: calcu- 
lated by 1/2 ADP + ATP/AMP + ADP + ATP. 
These ratios paralleled the other findings (0.96 _+ 
0.01 vs 0.81 _+ 0.04, p = 0.01; Fig. 3). 
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Fig. 3. Myocardial energy charge ratios (ECR) calculated 
from measurements of high-energy phosphate (ATP, 
ADP, and AMP) levels (ATP + 1/2 ADP/ATP + ADP + 
AMP) at 15-minute intervals of normothermic global isch- 
emia, hypoxic group (inspired oxygen fraction 8%, black 
bars) vs control group (white bars). Data are mean _+ SEM. 
High-energy phosphate depletion during normo- 
thermic ischemia. The depletion of left ventricular 
myocardial ATP stores was measured at 15-minute 
intervals during 60 minutes of normothermic global 
ischemia. ATP depletion was consistently delayed in 
the hypoxic group compared with the control group, 
p = 0.01 (Fig. 2). Energy charge ratios for the two 
groups again paralleled these findings (p = 0.03; 
Fig. 3). 
Time to peak ischemic contracture. Time to peak 
ischemic ontracture of the left ventricular myocar- 
dium in the hypoxic animals (69.5 _+ 1.8 vs 48.9 _+ 1.4 
min, p = 0.001) was significantly prolonged compared 
with control values (Fig. 4). This finding was consistent 
with the delay in ATP and high-energy phosphate 
depletion found in all animals in the hypoxic group. 
Glycogen stores. Myocardial glycogen stores mea- 
sured in the left ventricular t ansmural biopsy samples 
obtained immediately after median sternotomy re- 
vealed higher initial glycogen stores in the hypoxic 
group (273 _+ 13.3 vs 215 _+ 14.7/xmol/gm dry weight, 
p = 0.03) than in the control group (Fig. 5). 
Lactate accumulation during normothermic isch- 
emia. Initial myocardial lactate levels were greater in 
the hypoxic group (19.1 _+ 6.4 vs 8.9 _+ 3.1 p~mol/gm 
dry weight, p = 0.001) than in the control group (Fig. 
6). The accumulation of tissue lactate during 60 min- 
utes of ischemia was also consistently greater in the 
hypoxic group until late ischemia (p = 0.08; Fig. 6). 
Discussion 
With a new piglet model, this study was designed 
to investigate the effects of chronic hypoxia on 
neonatal eft ventricular myocardial metabolism. 
The piglet model used in this study allows hypoxia to 
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Fig. 4. Myocardial time to peak ischemic contracture 
(TIC) measured in minutes during normothermic global 
ischemia, hypoxic group (inspired oxygen fraction 8%) vs 
control group. 
be controlled as a variable without he introduction 
of initial anatomic or hemodynamic abnormalities. 
Only one (nonsurviving) piglet was found to have a 
patent ductus arteriosus at postmortem examina- 
tion. This animal died several days after initial 
hypoxia. No other cardiac abnormalities were iden- 
tified in the remaining animals. Findings from these 
studies of both metabolic and physiologic signifi- 
cance thus represent the direct effects of chronic 
hypoxia on normally developed left ventricular myo- 
cardium. 
Previous studies confirmed the correlations 
among time to peak ischemic ontracture and high- 
energy phosphate depletion and the onset of irre- 
versible injury during myocardial ischemia. 11 The 
method of measuring these parameters during in 
vitro normothermic global ischemia eliminates such 
confounding variables as collateral flow, wall ten- 
sion, and electrophysiologic fa tors. Ultrastructural 
changes indicating reversible and irreversible cellu- 
lar damage occur as myocardial contracture and high- 
energy phosphate depletion progress. 12' 13 These his- 
tologic markers are consistently observed on electron 
microscopy during maximal ischemic myocardial con- 
tracture. The data from this study show a greater 
production of high-energy phosphates in chronically 
hypoxic myocardium and a persistent delay in the 
depletion of these nergy stores during normothermic 
global ischemia. This delay in depletion, associated 
with a prolongation oftime to peak ischemic contrac- 
ture, indicates an adaptive increase in myocardial 
tolerance to global ischemia. 
Compared with that of adults, fetal myocardium 
uses glycogen stores and glucose as a greater energy 
source. It has been estimated that fetal myocardium 
obtains at least one third of its cellular energy from 
glycolysis and glucose metabolism. 14 As growth and 
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Fig. 5. Myocardial glycogen stores measured immedi- 
ately before the onset of normothermic global ischemia, 
hypoxic group (inspired oxygen fraction 8%) vs control 
group. Data are mean _+ SEM. wt, Weight. 
development continue in the neonatal period, myo- 
cardial metabolism relies predominantly on the ox- 
idation of long-chain fatty acids as a primary energy 
source. 15-t7 Under normal physiologic onditions, 
an increased rate of glycolysis is een in response to 
acute cellular hypoxia. This metabolic change is 
related to an increase in the intracellular enzyme 
activity of phosphofructokinase, which increases cel- 
lular glycolysis in response to high-energy phosphate 
depletion. 18Previous metabolic studies on chroni- 
cally hypoxic myocardium demonstrated increases in 
glucose uptake, glycogen storage, and glycolysis, as 
well as increases in the efficiency of enzymes con- 
trolling oxidative phosphorylation. 19-23 These find- 
ings suggest hat metabolic hanges in myocytes 
adapting to chronic hypoxia serve to increase myo- 
cardial glycogen stores and promote the use of both 
aerobic and anaerobic glycolysis for energy produc- 
tion. Recent studies have demonstrated that the 
myocardium of rats in utero is far more resistant to 
ischemia than that of neonatal rats. The myocar- 
dium of neonatal rats is in turn more resistant to 
ischemia than that of 1-week-old rats. 24 This indi- 
cates that metabolic adaptations of the developing 
fetal myocardium to in utero hypoxia induces 
greater myocardial resistence to ischemiaY These 
adaptations are characterized by increased high- 
energy phosphate l vels, increased glycogen storage, 
and higher ates of glycolysis. 16' 26 
Glucose transport is carrier mediated and accel- 
erated by both insulin and epinephrine. Under the 
stress of hypoxia, both insulin and epinephrine l vels 
remain elevated inthe neonatal piglet. Glucose uptake 
and metabolism are also increased by the activity of 
hexokinase, which is known to be stimulated by ATP 
depletion. 18 Glucose uptake is therefore accelerated in 
the acutely hypoxic myocardium, increasing its avail- 
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Fig. 6. Myocardial lactate levels measured t 15-minute 
intervals during normothermic global ischemia, hypoxic 
group (inspired oxygen fraction 8%, black bars) vs control 
group (white bars). Data are mean _+ SEM. 
ability for glycogen storage as well as immediate use in 
glycolysisY' 28 This same adaptation has been seen in 
fetal myocardium 29 and in the myocardium ofanimals 
adapting to high altitudes) ° 
Cellular enzyme systems involved in myocardial 
high-energy phosphate production increase their 
activity and efficiency during adaptation to chronic 
hypoxia.21, 22, 3]-33 It is known that the activity of the 
mitochondrial enzymes and the capacity of the 
mitochondrial system per unit of tissue is increased 
during adaptation to altitude hypoxia. 34' 35 All of 
these adaptations serve to increase myocardial high- 
energy phosphate production andincrease tolerance 
to subsequent ischemia. 
In summary, prolonged hypoxia of normally de- 
veloped left ventricular myocardium leads to a 
greater capacity for glucose uptake and glycogen 
storage, in turn leading to greater use of aerobic and 
anaerobic glycolysis for ATP production. In an 
attempt to meet cellular demands under chronically 
hypoxic conditions, the enzymes involved in glyco- 
gen storage, aerobic and anaerobic glycolysis, and 
oxidative phosphorylation must achieve greater ef- 
ficiency in producing and maintaining cellular ATP 
levels. Consequently, at any given time in cellular 
metabolism, greater glycogen stores are present and 
higher lactate levels are found than in nonhypoxic 
myocardium (Fig. 7). During subsequent hypoxia 
and ischemia, these metabolic adaptations allow a 
longer survival of cellular metabolism and a pro- 
longed time to ischemic contracture. The same 
metabolic haracteristics and increased tolerance to 
ischemia were recently described in both fetal myo- 
cardium and myocardium exposed to chronic alti- 
tude hypoxia. No conclusions can be drawn concern- 
ing the contractile function of the myocardium as a 
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Fig. 7. Schematic representation of myocardial metabo- 
lism showing adaptative changes after chronic hypoxia. In- 
creased glycogen stores and lactate accumulation (bold type) 
indicate a greater use of the glycolytic pathway for ATP 
production i  response to prolonged hypoxic conditions. 
Acetyl CoA, acetyl coenzyme A; NAD, nicotinamide adenine 
dinucleotide; NADH, reduced nicotinamide adenine di u- 
cleotide phosphate; FAD, flavin adenine dinucleotide. 
working syncitium because ach sample in this study 
was isolated and subjected to ex vivo global isch- 
emia. The metabolism and mechanical function of in 
vivo myocardium, in contrast, are affected by collat- 
eral perfusion, changes in wall tension, and electro- 
physiologic factors. These differences may alter me- 
tabolism and mechanical function differently than 
the adaptations found in this study. 
Paradoxically, both laboratory and clinical expe- 
riences to date have supported the concept of a 
relative intolerance of the myocardium of cyanotic 
neonates to operative ischemia. 4' 7, s Poor functional 
recovery after operative intervention i these neo- 
nates suggests a reduced tolerance to ischemia in 
chronically hypoxic myocardium. These observa- 
tions were made in settings in which anatomic 
lesions and their hemodynamic and physiologic con- 
sequences complicated the assessment of chronic 
hypoxia. Because many clinical and laboratory in- 
vestigations have demonstrated reduced functional 
tolerance to ischemia in infants with cyanotic on- 
genital lesions, it is reasonable to conclude that the 
consequences of altered anatomy and physiology 
(e.g., myocardial hypertrophy or dilatation) result- 
ing from pressure and volume overload play a 
detrimental role in the myocardium's tolerance to 
operative ischemia. Acute changes in hemodynam- 
ics as a result of operative reconstruction and meth- 
ods of myocardial protection may also be factors in 
determining postoperative myocardial function. In 
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fact, the consequences of these other variables may 
often override any favorable metabolic adaptations 
induced by chronic hypoxia. Further studies on 
myocardial function with this new animal model are 
necessary to further clarify these questions. 
This study demonstrated a aptive changes in the 
neonatal left ventricular myocardium in response to 
prolonged hypoxia. It is uncertain whether these 
findings would persist during even longer periods of 
hypoxia. It also remains to be seen whether these 
adaptations would reverse or persist after the return 
to normal oxygenation. 
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